OBJECTIVE: The aim of this study was to investigate the relationship between energy expenditure (EE) and fat mass (FM) by using a cross-sectional approach to study the linear relationship between body composition variables and EE phenotypes as well as an intervention design to investigate the effect of body weight loss on energy metabolism in both genders. METHODS: The correlations and linear relationships between body weight, FM, fat-free mass (FFM) and abdominal fat vs 24 h EE (EE 24) and sleeping metabolic rate (SMR) were compared between 65 men and 35 women, and before and after weight loss in 10 men and 10 women. RESULTS: Our results showed that for a given FM, men displayed a higher EE than women, independently of FFM. Furthermore, regression analysis revealed that after body weight loss, men displayed a lower SMR for a given FM or FM adjusted for FFM compared to before the treatment, but this was not so in women. However, when FM was adjusted for abdominal fat deposition, the difference between the conditions was no longer observed. CONCLUSIONS: FM has a signi®cant impact on EE only in men. We suggest that abdominal adipose tissue may exert a potent regulatory effect on energy metabolism which would be more detectable in men who generally store more fat in this compartment than women.
Introduction
Energy expenditure (EE) varies widely among individuals and the factors contributing to these differences are numerous. The main EE component, resting metabolic rate (RMR), is known to be in¯uenced by fatfree mass (FFM) in both men and women. 1, 2 However, females have a higher prevalence of obesity 3 and because a low adjusted RMR was reported to be predictive of weight gain, 4 it has been suggested that women's propensity to gain weight is mainly due to a lower RMR in comparison with men. 5 In a few studies, males and females were found to display similar metabolic rates after adjustment for FFM. 1, 2 However, in another study, conducted in a large sample, Arciero et al 5 found that women had a lower RMR (by 3%) which persisted after adjusting for FFM, fat mass (FM) and peak VO 2 . Morio et al 6 also found a signi®cantly lower sleeping metabolic rate (SMR, by 11.2%) in elderly female subjects, compared to males after adjustment for body composition and usual physical activity level and intensity. This gender difference has also been controversial for 24 h EE (EE24), measured in a controlled environment. Ravussin et al 7 found no difference in EE24 after adjustment for FFM, whereas Ferraro et al 8 demonstrated that after correcting for body composition, age and gender, men still showed a 5 ± 10% higher EE24 compared to women. The relationship between FFM and EE has been widely investigated, whereas the relationship between FM and energy metabolism has not generated much interest so far. This is perhaps attributable to the fact that adipose tissue does not have a high metabolic rate. 9 Despite this observation, FM explains a biologically meaningful part of the variation in EE24. 8 However, its metabolic implications, as well as its effect on energy metabolism, have not been compared between genders, especially in regard to fat distribution.
It is well known that men preferentially store fat in the upper body, whereas women accumulate more lower body FM. 10 In addition, abdominal fat has been shown to be responsible for an increase in sympathetic nervous system activity, 11, 12 which may be associated with an increase in EE. This suggests that men could display a higher EE than women for a given amount of body FM, because they preferentially store lipids in a compartment exerting a greater regulatory impact.
Experimental evidence suggests that post-obese men and women display a lower absolute basal EE in comparison to lean matched controls. 13 In obese individuals, it was previously demonstrated that the decrease in metabolic rate after body weight loss was greater than what could have been predicted with a body weight EE regression equation. 14 However, these results do not agree with other data that were collected exclusively in women. In fact, resting EE (REE) in obese and lean women was shown to be similar when adjusted for the differences in lean body mass and FM. 15 Moreover, it was demonstrated that post-obese and lean women displayed a similar REE, both in absolute terms 16 or adjusted for lean body mass. 17 Taken together, these results suggest that energy metabolism of men and women may not respond in the same manner to body weight reduction.
In an attempt to further document this issue, we used two different strategies to determine the response of energy metabolism to fat gain and fat loss in men and women. We ®rst used a cross-sectional approach to investigate the linear relationship between EE phenotypes and body composition. Secondly, we investigated the effect of body weight and fat loss on SMR and EE24 in the context of an intervention protocol.
Methods
The aim of Study 1 was to investigate the relationship between both EE24 and SMR measured in a wholebody indirect calorimeter and body weight, FM and FFM. The regression lines and correlations were then compared between genders. For this purpose, the results of 35 females and 65 males obtained during the course of different protocols were included in this study. Mean ages of the two groups were 36.9 y and 37.7 y, respectively. The physical characteristics of subjects are presented in Table 1 . All protocols were approved by the Medical Ethics Committee of Laval University. Only results of healthy subjects taking no medication were included in this study.
The aim of Study 2 was to investigate the relations between body weight, FM, abdominal fat, or FFM and SMR in 10 men and 10 women before and after a 15-week weight loss programme. Mean age was 39.8AE 5.6 y and 44.7 AE 6.4 y, respectively, for men and women. Physical characteristics of subjects in pre-and post-treatment are presented in Table 2 . Subjects were submitted to a pharmacological treatment (60 mgad of fen¯uramine: Ponderal Pacaps, Servier Amerique) or placebo, in combination with a restricting diet for the purpose of a weight loss protocol. Individual daily energy and macronutient intakes were assessed using a three-day food record, according to procedures previously described. 18 To ®x energy intake during the weight loss programme, 700 kcal were subtracted from the reported daily energy intake, without any attempt to change the macronutrient composition of the diet. They also attended individual follow-up visits in our laboratory every two weeks in order to check the compliance to the treatment and to verify their health condition.
Women were tested during the follicular phase of their hormonal cycle and the pharmacological treatment was started during one of the ®rst or the last days of the cycle.
Energy expenditure EE24 and SMR were measured using a whole-body indirect calorimeter. Testing protocol and the reproducibility of measurements in the respiratory chamber were previously described. 19 Since energy balance in¯uences EE, and it is very dif®cult to predict and Fat mass and energy expenditure I Dionne et al match energy intake precisely to EE in order to achieve a condition of strict energy balance when a subject is tested in the calorimeter, we adjusted all EE data for 24 h energy balance (the difference calculated between energy intake and EE). SMR was calculated as the mean of two consecutive hours representing the lowest values of EE obtained during sleeping hours.
Body composition
Body fat was estimated from body density, which was determined by hydrostatic weighing, using the Siri equation. 20 Prior to the weighing, residual lung volume was estimated by the helium dilution technique according to the procedures described by Meneely and Kaltreider. 21 FFM was derived from body weight minus FM.
For the purpose of Study 2, computed tomography (CT) was performed on a Siemens Somatom DRH scanner (Erlanger, Germany) by using the procedures of Sjo Èstro Èm et al 22 as previously described. 23 In males, eight subjects before and nine after the treatment were examined in the supine position with both arms stretched above their heads. An abdominal scan was obtained at the L4-L5 and L5-S1 level, by using a radiograph of the skeleton as a reference to establish the position of the scan to the nearest millimeter. Total abdominal adipose tissue was calculated by delineating this area with a graph pen and then computing the adipose tissue surface by using attenuation range of 7 190 to 7 30 Houns®eld units. 24 Abdominal tissue (AT) volume was obtained by calculating the volume of fat between the L4-5 and L5-S1 levels. The sagittal diameter was obtained from the image of the abdomen generated by the computer following the recommendations of Sjo Èstro Èm. 25 
Statistical analysis
All data are presented as meansAE s.d. The unpaired Student t-test was used to compare men and women and the paired Student t-test for pre-and post-treatment values. The Pearson correlation coef®cient was used to quantify the univariate association among variables. Linear regression analyses were performed on EE and body composition variables, and slopes and intercepts were compared between genders and preand post-treatment conditions. All EE data were adjusted for energy balance, by using regression analysis. Analyses were performed using the JMP software Version 3.1.5 (SAS Institute, Inc., Cary, NC).
Results

Study 1
EE24 and SMR values, adjusted for energy balance, were higher in males compared to females (Table 1) . Correlations between EE24 or SMR and body weight and FM, as well as EE24 and FFM, were statistically signi®cant in males and females. However, correlations between SMR and FFM were signi®cant only in females, while SMR signi®cantly correlated with FM only in males. In addition, there was a signi®cant correlation between FM and FFM in men only. When FM was adjusted for FFM, it was signi®cantly correlated to EE24 in both genders, but with SMR in males only (Table 3 ). Figure 1 shows that the slopes of the regression lines of FFM plotted against FM were not statistically different between genders, demonstrating that for a given increase of body fat, men present a higher FFM, but do not gain a greater amount of FFM than women. Regression analyses were also performed on SMR and EE24 vs body composition markers. The slopes of EE24 and SMR regression lines were steeper in males Fat mass and energy expenditure I Dionne et al than in females, when plotted against FM (SMR P`0.001; EE24 P`0.0001), showing that for a given increase in FM, men displayed a greater increase in EE than women (Figure 2) . When EE24 or SMR were plotted against FFM, the regression lines were comparable between genders, illustrating that for a given FFM, men and women displayed a similar level of EE (Figure 3 ). However, a signi®cant correlation showed a positive relationship between SMR and FFM in women, but not in men.
A stepwise multiple regression analysis, revealed that FFM explained 50% (P`0.0001) of the variance of EE24 in women and 35% (P`0.0001) in men. Furthermore, FM explained an additional 20% (P`0.0001) of the variance in women and an additional 31% (P`0.0001) in men.
The same analysis showed that FFM explained 26% (P`0.001) of the variance of SMR in females and only 5% (not statistically signi®cant, NS) in males. FM explained an additional 5% (NS) in females, while it explained an additional 27% (P`0.0001) of the variance of SMR in males. Percentage fat explained an additional signi®cant fraction of the variance of SMR (10%; P`0.01) only in men.
Study 2
Results of SMR, EE24, body weight, FM and FFM are presented in Table 3 . Men and women displayed a signi®cant decrease in body weight of 11.4 kg and 7.6 kg respectively, following the treatment. This weight loss included 9.7 kg and 5.5 kg of fat in men and women, respectively. AT volume, SMR and EE24 signi®cantly decreased during the treatment in men only.
Regression analysis revealed that after weight loss, men displayed a lower SMR for a given absolute FM or adjusted for FFM in comparison to before the treatment. However, when FM was adjusted for AT volume, the difference between the initial and ®nal values of the treatment did not persist (Figure 4) , suggesting that the effect of FM on EE in males is mainly due to abdominal fat. In females, there was no difference in the slopes or intercepts of SMR plotted against absolute FM and FM adjusted for FFM or AT volume, before and after weight loss ( Figure 5) .
The relationship between EE and FM was investigated before and after the treatment in both genders, by using Pearson correlation coef®cients. In males, SMR was signi®cantly correlated to body weight and FM before and after the treatment. EE24 was also associated with body weight and FM, but only before weight loss. FM adjusted for FFM was positively and signi®cantly correlated to SMR before and after the treatment and to EE24 only before the treatment (Table 4 ). In females, a signi®cant correlation was observed between EE and body weight or FM. FM adjusted for FFM signi®cantly correlated to SMR and EE24, before and after weight loss (Table 5) .
Discussion
Study 1
We ®rst investigated the relationships between body FM and EE by using a cross-sectional approach. As expected, EE24 and SMR (absolute and adjusted for energy balance) were higher in males than in females. Results also showed that EE24 and SMR were highly correlated to body weight in both men and women. In addition, stepwise regression analyses revealed that the variance of EE24 was similarly explained by FFM and FM in both genders. However, individual variation in SMR did not follow the same pattern. In males, FFM explained only 5% of the variance (NS) in SMR compared to 26% in females. The fact that FFM does not contribute to the variance of SMR in men is somewhat surprising. Indeed, SMR which is theoretically slightly lower than RMR, has been shown to be correlated with FFM to a greater extent than total body weight in a group of subjects presenting a huge range of body weight, percent of fat and FFM. 7 Our group of subjects was also quite heterogenous for body weight and FM, but their generally higher amount of body fat could result in a greater relationship between energy metabolism and FM. In addition, in the present study, all EE data were adjusted for energy balance. It is indeed possible that variations in thermogenesis associated with an energy imbalance might partly in¯uence the relationship between EE phenotypes and body composition indicators. However, these assumptions probably cannot totally explain the absence of a relationship between FFM and SMR in men.
After considering the impact of FFM, FM was responsible for 27% of SMR variations in men. On the other hand, FM and FM adjusted for FFM did not signi®cantly correlate with SMR in females. Therefore, FM seemed to have a greater impact on SMR in males than in females.
Regression analyses also showed that for a similar FM, men displayed a higher SMR or EE24 than women. Moreover, the slopes of the regression lines of EE vs FM were signi®cantly steeper in men than in women, suggesting that males adjust their energy metabolism more acutely to a given FM level than females, by increasing EE. A regression analysis showed that FFM was higher, but did not increase more rapidly with FM accretion, in males compared to females. This suggests that an increase in FM will not translate into enlarging the absolute difference between genders for FFM. The gender difference in the relationship between FM and EE, thus seems to be independent of FFM. This is reinforced by the signi®cant positive correlation found between FM adjusted for FFM and SMR in men but not in women. Taken together, these observations suggest that fat gain is likely to increase EE more in men than in women, independently of a variation in FFM and that weight loss should be expected to affect energy expenditure to a greater extent in men compared to women. This hypothesis represents the main rationale justifying the reinvestigation of this issue using a longitudial approach.
Study 2
The second study investigated the effect of a body weight loss protocol on energy metabolism in relation to body composition, in males and females. We examined the relationships between body composition phenotypes such as weight, FM and AT volume and EE variables (SMR and EE24) before and after a weight loss treatment.
Our results showed that after a decrease of body weight, FM and AT volume, men displayed a signi®cant diminution in SMR and EE24. However, although women displayed a signi®cant decrease of body weight and FM, AT volume and EE remained stable. This is concordant with our previous assumption that men would display a more pronounced response in energy metabolism to weight loss compared to women.
Regression analysis reinforced these ®ndings. The steeper regression line of SMR plotted against FM before the treatment showed that FM in¯uences EE to a greater extent in men whereas after weight loss, they displayed a lower SMR for a given absolute amount of FM. This effect could not be attributed to an in¯uence of FFM, since the same analysis computed with FM adjusted for FFM also revealed a greater SMR for a given body FM in males before losing weight, in comparison to after the treatment. However, the absence of difference in slopes and intercepts after FM was adjusted for AT volume demonstrates that AT volume had a signi®cant effect on SMR. This and the positive correlation (P 0.07) found between AT volume and SMR, con®rms the postulate that abdominal fat has the potential to modify EE. Nonetheless, the effect of AT volume on EE is not present in females before weight loss, probably because of their preferential accumulation of lower body fat. The lower body adipose tissue is probably not as disturbing for the metabolic pro®le as upper body adipose tissue. These ®ndings are in agreement with results The higher EE for a given FM level in men, as well as the fact that SMR is partly explained by FM only in males, are possibly related to body fat distribution, that is, to the preferential accumulation of fat in the abdominal area in men. 10 This assumption is supported by the results of Tataranni et al 27 who demonstrated that basal metabolic rate (BMR) corrected for FFM, FM, age and gender is correlated to waist-tothigh ratio in obese males. As demonstrated by Parker Jones et al, 11 muscle sympathetic nerve activity (MSNA) is signi®cantly correlated to waist-to-thigh ratio in males but not in females. In addition, the same study showed that waist-to-thigh ratio was the main factor explaining variations in MSNA. Since MSNA is positively correlated to EE, 28 it is possible that abdominal fat deposition favours a greater increase in EE compared to peripheral fat accumulation. Accordingly, Poehlman et al 12 showed a higher noradrenaline appearance rate in individuals with higher waist circumference and body fatness, mainly in male subjects. The mechanisms by which abdominal obesity may lead to a higher sympathetic nervous system activity are still unclear. However, some evidence suggests that this effect is mediated in part by hyperinsulinaemia, 29 which is known to elevate basal sympathetic nervous system activity, as re¯ected by an increase in plasma noradrenaline concentration 30 and MSNA. 31, 32 Hence, we have previously suggested that hyperinsulinaemia resulting from long-term positive energy balance promotes the restoration of energy balance, 33 possibly by enhancing EE.
EE24 seemed to be affected to a lesser extent by changes in body fat compared to SMR. This is concordant with a study conducted in rhesus monkeys, demonstrating that dietary restriction had an effect on nighttime EE, but not on morning, afternoon or total EE. 34 These ®ndings seem plausible since EE24 is probably the EE phenotype most subjected to environmental in¯uences. These external in¯uences are likely to affect the relationship of EE24 with other variables.
The second study included only 10 men and 10 women. Similar investigations should be conducted in larger populations in order to ascertain the present results. However, our ®ndings mainly support what has been found by others concerning changes in energy metabolism in response to weight loss. 14 ± 16
Conclusion
The main ®nding of the ®rst study, is the observation of a gender difference in the relationship between EE phenotypes and FM, since it explained a substantial part of the variance of SMR in males, but not in females. Moreover, regression analyses revealed that body weight and FM were associated with EE in men, independent of variations in FFM. The second study showed that after weight loss, men displayed a signi®cant decrease in body weight, FM and abdominal fat, probably leading to the decrease in EE. However, after the same treatment, women displayed a diminution in weight and FM, but not in EE. Because of the preferential deposition of abdominal fat in males, the higher EE relative to body weight and FM, might be due to an increase in sympathetic nervous system activity related to abdominal fat-induced hyperinsulinaemia. This may re¯ect the need for males to halt further weight gain in order to prevent large abdominal fat stores and related metabolic complications.
